Résumé.-L'étude de la croissance des couches épi taxiées de GaAs et GaAIÂs par le procédé MOCVD met en évidence une relation superlinéaire entre le dopage type n et la fraction molaire H"Se dans la phase gazeuse. Cet effet superlinéàire est observé à la fois pour les dépôts effectués sous pression atmosphérique et pour ceux obtenus sous pression réduite. L'effet anormal de dopage est comparé au dopage H,S pour lequel une relation linéaire de dopage a été observée. Les mécanismes d incorporation du dopage sont différents pour le soufre et le sélénium et les divers mécanismes de croissance possibles sont discutés.
Introduction -It has been generally assumed in epitaxial growth on GaAs substrates that there is a linear dependence of the electron concentration with the dopant mole fraction (1). However in a recent comparison of H2S and HgSe doping of GaAs by the MOCVD method (2), while a linear relationship between the H^S mole fraction in the gas phase and the doping was found, for J^Se the doping relationship was superlinear. This anomalous doping behaviour was observed for atmospheric pressure depositions. Further experiments with ^Se doping of GaAs and GaAlAs at reduced pressure have been performed.
In this paper the growth conditions for superlinearity are given and the dopant incorporation mechanisms are investigated.
Experimental -Epitaxial layers were grown by the MOCVD technique in a Crystal Specialties 421 reactor.
The 8 cm diameter process tube is shown in Figure 1 . The substrates were mounted on a coated graphite susceptor perpendicular to the incoming gas flow.
The chromium doped substrates, oriented 2° off the (100) axis, were cleaned and then etched in a (3 H2SO4 : 1 H2O2 : 1 H2O) solution prior to loading. Electronic grade sources were used.
The TMG and TMA were obained from Alpha Ventron and Texas Alkyls; the 10% arsine in hydrogen from Air Products and the 50 ppm H2Se in hydrogen from British Oxygen Company.
Several hydrogen selenide sources were used in this investigation.
Total flow rates were approximately 1 L/min for atmospheric pressure depositions and 5 L/min for reduced pressures (75 Torr).
Epitaxial layer uniformity and surface quality was good.
Undoped layers were typically 2 x 10l$ cm -3 with a room temperature mobility of 6,500 cm 2 /Vs. Room temperature doping levels were obtained from a Miller feedback profiler and an electrochemical profile plotter.
Hall mobility measurements were obtained from van der Pauw measurements.
Epilayer thicknesses in this investigation were in the range 1 to 2>m; thicknesses were taken from the electrochemical profiler and checked by a staining technique. Aluminium concentrations were measured by an X-ray multiple diffraction technique.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982533 -doping o f GaAs sel eni un doping super1 i n e a r i t i e s have been observed f o r d i f f e r e n t As/Ga r a t i o s and f o r growth on n+ substrates (both Si and Te doped). For comparison, i n Figure 2 , t h e p r e v i o u s l y reported (2) l i n e a r doping r e l a t i o n s h i p f o r sulphur i s shown. At a doping l e v e l o f 1018 cm-3 t h e selenium i s about 10 times more e f f i c i e n t a t doping than sulphur whereas Mori e t a1 (3) found i t about 100 times more e f f i c i e n t . Comparing t h e r e s u l t s o f Mori e t a1 (3) and Figure 2 i t i s seen t h a t t h e selenium i s l e s s e f f i c i e n t and t h e sulphur i s more e f f i c i e n t than i n t h e work o f Mori e t a1 (3).
The superlinear r e l a t i o n s h i p has a l s o been found f o r growth a t reduced pressure ( Figure 3 ) f o r temperatures o f 700 and 775%.
Here the r e l a t i o n s h i p : n a (H2Se m.f.)l.4 i s observed. The e l e c t r o n concentrations a t 75 Torr i s lower than t h a t a t 760 Torr f o r t h e same H2Se concentration because o f t h e d i f f e r e n t As/Ga r a t i o s and pressures.
The doping 1s i n v e r s e l y proportional t o t h e As/Ga r a t i o (2), and higher As/Ga r a t i o s a r e required f o r low pressure depositions so as t o r e t a i n good properties.
I n t h e case o f H2Se doping o f GaAlAs a t reduced pressure ( Figure 4 ) t h e superlinear r e l a t i o n s h i p i s : n (H2Se m.f.)2.6. (The aluminium composition was 0.23 + 0.01 f o r t h e layers). The doping s u p e r l i n e a r i t y i s increased w i t h t h e a d d i t i o n o f TMA t o t h e gas stream. For GaAlAs t h e e l e c t r o n m o b i l i t y decreased from 1,200 cm2/vs a t 9.5
x 1016 cm-3 t o 490 c m z /~s a t 1.7 x 1018 cme3. These doping s u p e r l i n e a r i t i e s can be advantageous as a l a r g e range o f doping l e v e l s are obtained from a s i n g l e flow c o n t r o l l e r . Superlinear doping behaviour has been reported previously, b u t explantations were not given. I n t h e growth o f GaAs by t h e AsCl method Sankaran (4) has observed superl i n e a r i t y when doping w i t h Te.
Taylor (53 observed s i m i l a r e f f e c t s when doping Gap w i t h selenium on t h e (111)B face.
I n t h e MOCVD system i t has been observed by H a l l a i s e t a1 (6) when doping GaAl As w i t h H2Se, Ludowise e t a1 (7) when doping GaInAs w i t h H2Se and Lewis e t a1 (8) when doping GaAs p-type w i t h Mg.
These r e s u l t s are i n d i r e c t c o n t r a d i c t i o n t o those o f Andre e t a1 (9) and Mori e t a1 (3) who have shown 1 i n e a r r e l a t i o n s h i p s f o r selenium doped GaAs and GaAl As.
The reason why selenium superl i n e a r i t y i s always observed by some workers (2,7) sometimes by others (5,6,10) and never by others (3,9) i s unknown.
But o f p a r t i c u l a r i n t e r e s t are t h e r e s u l t s o f Hollan e t a1 (10) where, i n t h e AsC13 system, superlinear behaviour was shown f o r H2Se (despite experimental d i f f i c u l t i e s ) and 1 inear f o r seleniun vapour.
This shows t h a t t h e dopant incorporation mechanism f o r selenium can depend on what form the dopant i s introduced t o t h e reactor.
The reactor geometry, mixing conditions, stagnant l a y e r properties and flow dynamics are important parameters i n t h e dopant i n c o r p o r a t i o n mechanism and i t i s these which are unknown i n t h e growth process. Previously (2) i t was proposed t h a t t h e r e was a p a r a s i t i c gas phase reaction above t h e susceptor which gave r i s e t o the superlinear behaviour. This i s now known not t o be t h e case because superlinear behaviour occurs a t reduced pressure growth where
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It has been assumed t h a t t h e r e i s a l i n e a r r e l a t i o n s h i p between t h e i m p u r i t y i n c o r p o r a t i o n and t h e e l e c t r o n concentration obtained. This i s known t o be t r u e f o r sulphur (1) and t i n (12) doping b u t n o t f o r seleniun.
Further work, i n c l u d i n g SIMS analysis o f grown l a y e r s w i l l be performed.
I n Figure 5 the v a r i a t i o n o f e l e c t r o n m o b i l i t y w i t h e l e c t r o n concentration o f H Se and $S are compared.
h o v e 6 x 1017 cm-3 t h e seleniun doped l a y e r s hare the h i g i e r m o b i l i t i e s and the sulphur doped l a y e r s are higher f o r dopings o f l e s s than 6 x 1017 cm-3.
The r e s u l t s are s i m i l a r t o those o f Hollan e t a1 (10) where higher values were observed f o r selenium doped l a y e r s f o r values o f n greater than 4 x 1017 cm-3. From these m o b i l i t y values the compensation r a t i o (defined as e = NA/N") a t room temperature can be found by use o f t h e t a b l e o f Walukiewicz e t a1 (13).
The p l o t o f compensation r a t i o against doping f o r H2S and H2Se i s shown i n Figure 6 . The sulphur doping compensation r a t i o i s constant and then increases as the l a y e r becomes F i g 5 : P l o t o f room temperature e l e c t r o n m o b i l i t y w i t h e l e c t r o n concentration f o r H2Se and H2S doped l a y e r s F i g 6 : P l o t o f compensation r a t i o w i t h e l e c t r o n concentration f o r H2Se and H2S doped 1 ayers saturated, whereas the seleni um compensation r a t i o decreases f o r increasing dopant. Therefore t h e dopant incorporation mechanism f o r sulphur and selenium are q u i t e d i f f e r e n t .
Both sulphur and selenium s i t on s i m i l a r l a t t i c e s i t e s because the doping has been found t o be i n v e r s e l y proportional t o t h e As/Ga r a t i o (2).
I n Figure 7 t h e v a r i a t i o n i n growth r a t e w i t h dopant ( a t constant temperature, As/Ga r a t i o and TMG concentrations) i s shown.
For selenium t h e growth r a t e increases s l i g h t l y whereas f o r sulphur a much l a r g e r increase i n growth r a t e i s measured.
The thickness c o n t r o l o f sulphur doped l a y e r s i s t h e r e f o r e harder than f o r selenium. Growth r a t e changes have been observed before f o r GaAs (14) b u t i n t h a t case t h e growth r a t e decreased w i t h an increase i n the n-type dopant (Te).
Several dopant i n f l u e n c i n g mechanisms have been proposed and are discussed by Pogge (14) .
On the growing surface t h e sulphur could e i t h e r increase t h e nunber o f growth s i t e s o r change the surface charge and therefore increase the growth rate. 
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F i g 7 : P l o t o f growth r a t e w i t h dopant mole f r a c t i o n f o r Hz% and HzS doped l a y e r s -grown a t 720°C under constant TMG concentration and As/Ga r a t i o Heat treatment ( a t 8000C) o f GaAs:Se l a ers showed a reduction i n t h e c a r r i e r concentration f o r l a y e r s doped over 3 x 1018 cm-3, s i m i l a r t o t h e r e s u l t s o f t b l l a n e t a1 (10). The surface s o l u b i l i t y o f selenium during growth i s higher than t h e bulk value.
The maximum do i n g from vapour phase growth i s -1019 w h i l e t h e maximum b u l k doping i s '"3 x 101% cm-3.
During heat treatment GaO%3 p r e c i p i t a t e s are thought t o form i n t h e e p i t a x i a l l a y e r s and so reduce t h e e f f e c t i v e e l e c t r o n concentration.
The growth rates used i n t h i s i n v e s t i g a t i o n were "0.1 p / m i n and k i n e t i c c o n t r o l l e d growth processes take place.
The conditions f o r k i n e t i c growth (15) At 750°C P f o r selenium i s "6 x l O l i cm/s and -6 x 10-8 cmls for suplhur (both l e s s than t h e growth v e l o c i t y ) . The theory o f dopant incorporation (1) which p r e d i c t s a l i n e a r doping r e l a t i o n s h i p from thermodynamic e q u i l i b r i u m considerations i s therefore not applicable.
Doping s u p e r l i n e a r i t y occurs i n t h e vapour phase growth f o r dopants, such as selenium and t e l l u r i u m , which have slow d i f f u s i v i t i e s (-2 x 10-l7 cm2/s and "10-18 cm2/s a t 750°C respectively) whereas f o r other dopants, such as sulphur, w i t h a f a r higher d i f f u s i v i t y (2 x 10-13 cm2/s a t 750°C) t h e doping i s 1 inear.
The dopant incorporation can be thought t o be due t o t h e non-equilibrium absorption o f t h e dopants a t t h e growing surface followed by trapping as the l a y e r grows, previously proposed by Mu1 l e n (16).
Seleni urn i s much more e f f i c i e n t l y incorporated i n t o t h e l a t t i c e than sulphur. At high doping l e v e l s (~3 x 1018 cm-3) t h e selenium i s a r t i f i c a l l y frozen i n t o t h e GaAs growing l a t t i c e becuase o f i t s low d i f f u s i v i t y . On heat treatment t h e selenium moves so as t o reduce t h e e l e c t r o n concentration whereas sulphur which has a higher d i f f u s i v i t y performs t h i s annealing stage during growth.
M u l l i n (16) has pointed out t h a t l i t t l e i s known about elemental i n c o r p o r a t i o n during vapour growth so t h a t a t r u e understanding o f t h e superlinear doping i s n o t forthcoming.
Conclusions -Doping s u p e r l i n e a r i t y has been found f o r H2Se doping i n GaAs and GaAlAs both f o r atmospheric and low pressure growth.
The growth process i s k i n e t i c and hence t h e thermodynamic model which p r e d i c t s a l i n e a r doping r e l a t i o n i s no longer v a l i d .
The s u p e r l i n e a r i t y i s not due t o a p a r a s i t i c gas phase reaction because t h e e f f e c t i s s t i l l observed under low pressure conditions. The e f f e c t occurs f o r slow d i f f u s i n g elements such as seleni urn and t e l l u r i u m , which are e f f i c i e n t dopants, b u t n o t f o r f a s t d i f f u s i n g ones l i k e sulphur, which are l e s s e f f i c i e n t dopants. The growth r a t e i s f a s t so t h a t t h e selenium concentration a t t h e surface i s frozen i n t o t h e growing l a t t i c e so t h a t very high concentrations a r e produced which can be reduced by annealing.
It has also been found t h a t t h e i n j e c t i o n o f H2S i n t o the r e a c t o r produces an increase i n t h e growth r a t e w h i l s t t h i s does not occur f o r H2Se doping.
The growth mechanisms f o r sulphur and selenium are t h e r e f o r e d i f f e r e n t . A s a t i s f a c t o r y model f o r dopant incorporation cannot be given because t h e r e are t o o many unknown parameters i n t h e growth process.
